INTRODUCTION

D
abigatran is a direct thrombin inhibitor, the sole agent of its class. It is an effective anticoagulant 1 with a specific antidote, idarucizumab. 2 It is, however, renally cleared such that should patients prescribed dabigatran develop an acute kidney injury (AKI), a coagulopathic state can be anticipated. We describe a multimodal approach involving the use of hemodialysis and 3 doses of idarucizumab to manage coagulopathy and major hemorrhage in a patient prescribed dabiagatran with severe AKI. We also illustrate that dabiagatran can be implicated as a cause of acute interstitial nephritis.
CASE PRESENTATION
A 71-year-old man presented to the emergency department with lethargy, anorexia, acute abdominal pain, and melena on the background of having commenced dabigatran for stroke prophylaxis 6 weeks prior. On presentation, his blood pressure was 100/65 mm Hg and heart rate 104 beats per minute with atrial fibrillation. His urine output was 30 ml per hour. His examination revealed mild diffuse abdominal tenderness and melena. Laboratory investigations on presentation demonstrated severe AKI (creatinine 16 mg/dl, urea 434.5 mg/dl), anemia (hemoglobin 7.8 g/dl) and coagulopathy (international normalized ratio 8.7, full coagulation profile not available). Autoimmune and vasculitis screens detected no abnormalities (Table 1) .
His comorbidities were significant for atrial fibrillation, hypertension, and ischemic cerebrovascular accident 6 weeks prior, which had occurred in the context of warfarin nonadherence (international normalized ratio 1.3 at time of the cerebrovascular accident). At that time, dabigatran 150 mg twice a day and metoprolol 12.5 mg twice a day had been commenced in addition to preexisting telmisartan 40 mg daily and atorvastatin 80 mg daily. Before commencing dabigatran, his renal function was normal (creatinine 0.7 mg/dl, see Table 1 ).
On re-presentation with anemia and malena, a decision was taken to reverse the dabigatran. Dabigatran was ceased and 2 doses of idarucizumab 2.5 g 15 minutes apart were administered in conjunction with 2 units of packed red blood cells. However, by 18 hours post idarucizumab, rebound coagulopathy was evident (activated partial thromboplastin time 89.7 seconds, thrombin time >60 seconds, see Figure 1 ) and hemoglobin had fallen (7.3 g/dl). At 24 hours after the first administration of idarucizumab, a further 2 doses of idarucizumab i.v. 2.5 g 15 minutes apart were administered, resulting in correction of coagulopathy (activated partial thromboplastin time 30.1 seconds, thrombin time 17.5 seconds 1 hour after idarucizumab administration). At this time, a right jugular temporary dialysis line was inserted.
The dual need to manage the patient's AKI and the recognition of the requirement to facilitate dabigatran clearance prompted the initiation of daily hemodialysis. Initially, because of a high risk of disequilibrium syndrome, hemodialysis was performed for 2 hours with a blood flow rate of 160 ml per hour with a high flux and medium surface area dialysis membrane. Within 30 minutes of commencement of hemodialysis, hypotension, tachycardia, and an acute decline in hemoglobin to 6.4 g/dl occurred. In response, i.v. fluid, packed red blood cells, and a further 2 doses of idarucizumab 2.5 g were administered (Figure 1 ). Coagulation profile and dabigatran levels were not taken immediately before or after the third idarucizumab administration; however, tests taken 12 hours later (activated partial thromboplastin time 32.2 seconds, thrombin time >60 seconds, dabigatran level 110 ng/ ml) were lower than those taken 5 hours before the third idarucizumab dose (activated partial thromboplastin time 45.7 seconds, thrombin time >60 seconds, dabigatran level 191.5 ng/ml), strongly suggesting that such tests were considerably higher at the time of commencement of hemodialysis.
Further rebound elevations in dabigatran levels were observed ( Figure 1 ) even after the third dose of idarucizumab. Despite this, further idarucizumab was not given, as there was an absence of evidence of bleeding.
Instead, clearance of dabigatran was achieved by rapidly increasing the efficiency of hemodialysis (increasing blood flow and large surface area dialysis membrane), as well as the institution of daily hemodialysis, which continued for 14 days until dabigatran had been successfully cleared. During this time, the patient became oligo-anuric and subsequently required ongoing thriceweekly hemodialysis for his AKI.
A renal biopsy was performed on day 14 that demonstrated an acute interstitial inflammatory infiltrate containing eosinophils and diffuse tubular injury consistent with severe tubulo-interstitial nephritis secondary to a drug reaction (Figure 2) . A comprehensive review of the patient's drug exposures did not reveal any previously recognized cause of acute interstitial nephritis (AIN). He was treated with prednisolone and warfarin was reinstituted. Six weeks later, estimated glomerular filtration rate was 20 ml/min per 1.73 m 2 (creatinine 252 mmol/l, 2.9 mg/dl), and hemodialysis was withdrawn.
DISCUSSION
We present the first detailed report of a patient with dabigatran toxicity and severe AKI with major bleeding who received 3 doses of idarucizumab within 48 hours in combination with daily hemodialysis to reverse dabigatran-induced coagulopathy. To our knowledge, this is also the first report of biopsy-proven dabigatran-induced AIN.
The use of dabigatran is generally avoided in those with significant renal impairment. However, AKI is common, and with increasing prescription of dabigatran, the clinical situation of dabigatran toxicity secondary to AKI (of any etiology) will be increasingly encountered.
Recommended idarucizumab dosing has been based on the dose required to reverse the 99th centile drug concentration of dabigatran measured in the Randomized Evaluation of Long-Term Anticoagulant Therapy with Dabigatran Etexilate (RE-LY trial). 1 This was observed to be 745 ng/ml for those taking 110 mg and 1000 ng/ml for 150 mg. 3 Importantly, RE-LY excluded those with creatinine clearance less than 30 ml/min. As dabigatran is primarily renally cleared, impaired elimination of dabigatran is predictable in severe AKI. This will likely result in dabigatran levels that exceed those encountered in the RE-LY trial and thus the recommended dose of idarucizumab will be insufficient. Evidence of this is seen in the rebound elevations of dabigatran levels that have been observed after idarucizumab administration in case reports, 4-8 which led to recurrent bleeding and/or death in these patients. Rebound in dabigatran levels was also recognized in the Idarucizumab for Dabigatran Reversal (REVERSE-AD) cohort 2 ; however, levels remained relatively low (90% of patients less than 75 ng/ml at 24 hours), and only 3 patients were administered a second dose of idarucizumab.
Rebound in dabigatran levels occurs due to redistribution of dabigatran from the extravascular space, as occurs with agents with a volume of distribution of greater than 1 l/kg. The volume of distribution of dabigatran is 0.7-1.0 l/kg; however, in the terminal phase, its volume of distribution is 2.4 to 26.6 l/kg. 9 Idarucizumab, as an antibody fragment, is restricted to the vascular space. It irreversibly binds serum dabigatran, reversing coagulopathy, but cannot bind dabigatran beyond the vasculature. Serum dabigatran levels rebound as it diffuses from extravascular to vascular space. As the time taken for dabigatran to redistribute can exceed the half-life of idarucizumab or simply overwhelm idarucizumab due to inadequate dosing, rebound coagulopathy occurs. Others 8, 10 have described this phenomenon in the setting of AKI, and it has been suggested that repeat coagulation assays should be obtained within 6 to 8 hours, anticipating that further idarucizumab will be required. Currently, an additional 5 g of idarucizumab is recommended by the manufacturer if there is reappearance of clinically relevant bleeding and elevated coagulation parameters or need for an urgent procedure/surgery.
11
As in our case and others, 7 2 idarucizumab doses may still be inadequate in the setting of severe AKI, and further doses may be considered. It is not known if adverse events, such as tachyphylaxis or production of negating antibodies, occur following repeated doses of idarucizumab. Low levels of antibodies have been detected in the REVERSE-AD cohort, although these were not associated with reduced function or hypersensitivity reactions. 2 In our patient, we demonstrated that the third dose of idarucizumab was effective in reducing dabigatran level and no adverse events were noted.
Even in the era of idarucizumab, the early institution of hemodialysis also should be considered to facilitate dabigatran clearance in the setting of severe AKI. This is particularly the case in patients in whom prompt resolution of AKI is not anticipated, and thus more than a single dose of idarucizumab may be required if a high bleeding risk persists. Dabigatran is a small dialyzable molecule with a molecular weight of 471.5 Daltons. Pre-and post-hemodialysis levels in our patient (see Figure 1 ) demonstrate the efficiency of hemodialysis clearance, as has been documented by others in the pre-idarucizumab era. 9, 12, 13 To our knowledge, this is the first description of biopsy-proven AIN secondary to dabigatran, which is the only agent of its class of direct thrombin inhibitor. Although causal links cannot be absolutely proven in AIN, biopsy findings were strongly correlative with a drug reaction. Dabigatran and metoprolol were the only medications commenced before the onset of AKI, and, despite their extensive use, beta-blocker agents have not been associated with AIN.
14 One other report exists of dabigatran-associated AKI; however, renal biopsy was not performed in this case. 15 With regard to other novel anticoagulants, 2 factor Xa inhibitors, apixaban 16, 17 and rivaroxaban, 18 have been associated with biopsy-proven AIN. Dabigatran-induced interstitial nephritis should be considered as a potential rare, serious but treatable complication in patients taking dabigatran who present with AKI.
The key learning points from this case are outlined in Table 2 . This case was managed in real time, and as such some tests (including dabigatran levels) were not performed in a timely manner. Within these limitations, we describe the safe administration of 3 doses of idarucizumab combined with early institution of daily hemodialysis to clear total body dabigatran and restore hemostasis in a patient with major bleeding and severe AKI secondary to AIN from dabigatran exposure.
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Table 2. Key teaching points
Dabigatran is primarily renally cleared and impaired elimination of dabigatran is predictable in severe acute kidney injury (AKI).
The recommended dose of idarucizumab will likely be insufficient in this setting.
When dabigatran reversal is required in the context of severe AKI, rebound coagulopathy should be anticipated, and clinicians ought to be prepared to administer further doses of idarucizumab.
If severe AKI does not promptly resolve and need to improve coagulation persists, clinicians should consider the early initiation of frequent hemodialysis to facilitate dabigatran clearance.
Acute interstitial nephritis is a potential complication of dabigatran therapy.
